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We describe a simple method to experimentally determine the frequency dependencies of the
per-unit-length resistance and conductance of transmission lines. The experiment is intended as a
supplement to the classic measurement of the transient response of a transmission line to a voltage
step or pulse. In the transient experiment, an ideal (lossless) model of the transmission line is used
to determine the characteristic impedance and signal propagation speed. In our experiment, the
insertion losses of various coaxial cables are measured as a function of frequency from 1 to 2000MHz.
A full distributed circuit model of the transmission line that includes both conductor and dielectric
losses is needed to fit the frequency dependence of the measured insertion losses. Our model assumes
physically-sensible frequency dependencies for the per-unit-length resistance and conductance that
are determined by the geometry of the coaxial transmission lines used in the measurements.
I. INTRODUCTION
Lumped-element circuit analysis fails when the wave-
lengths of the signals of interest approach the size of the
circuit elements and/or connecting wires. In this limit,
the voltage and current along, for example, the length
of a pair of wires are not uniform and a distributed cir-
cuit model of the wires must be used to properly analyze
the circuit behavior.1–3 These so-called transmission line
effects are rich in physics and, in many cases, can defy
common intuition. Furthermore, due to the ever decreas-
ing size of circuits and increasing data rates, transmission
line effects are more prevalent than ever.4
From a pedagogical standpoint, transmission lines are
commonly used when deriving the expression for the ther-
mal noise radiated by a resistor.5 In the derivation a
transmission line, with both ends terminated by matched
load resistors, is treated as a 1-D blackbody. The thermal
power radiated by one resistor is completely absorbed
by the other and the emitted radiation satisfies stand-
ing wave conditions (normal modes) set by the length
of the transmission line. Transmission lines models have
also been used to analyze problems in thermodynamics
and mechanics. An RC transmission line circuit model
has been used to understand diffusion of heat along the
length of a conducting bar,6 and an analogy has been
made between a system of coupled pendula and coupled
transmission lines.7 The physics of transmission lines has
also been analyzed using a Lagrangian formalism8 and
Fourier transforms.9
It is also worth pointing out that there have been very
clever uses of discrete transmission lines. In one exam-
ple, reverse-biased variable capacitance diodes (varactor
diodes) were used to construct a nonlinear transmission
line that supports solitons.10 In a second example, the
capacitance in some sections of the discrete transmission
line was changed to mimic a change in refractive index.
These structures were used to experimentally demon-
strate the principles behind highly-reflective dielectric
mirrors and confinement of electromagnetic (EM) waves
by Bragg reflection.11 More recently, discrete left-handed
transmission lines have been made from arrays of series
capacitors and shunt inductors. Left-handed transmis-
sion lines have an usual a dispersion relation in which
β ∝ −1/ω, where β is the wavenumber and ω is angular
frequency.12,13
Many of the undergraduate transmission line experi-
ments described in the literature focus on the propaga-
tion of short pulses along the length of a line that is as-
sumed to be lossless. These measurements allow students
to determine the propagation speed of the pulse and ob-
serve phase changes resulting from reflections at various
load terminations. By tuning the load resistance to elim-
inate the reflections, students can also estimate the char-
acteristic impedance of the transmission line.14–17 An-
other experiment in which dissipative effects are typically
neglected is the transient response of a transmission line
to an applied pulse that is many times longer than the
time required to travel the length of the line.1,2 This mea-
surement is particularly interesting and it is one that we
demonstrate and discuss in this paper.
Our primary focus, however, will be on quantitatively
measuring and analyzing transmission line dissipation
due to conductor and dielectric losses. There are ex-
amples of undergraduate laboratories in which the dis-
sipation due to a length of transmission line has been
measured.18,19 However, in these cases, after making an
attenuation measurement, there is little to no discussion
about the origins of the dissipation and the relative im-
portance of the various sources of loss. Our first objective
in this paper is to make a simple, yet reasonably precise,
measurement of the power dissipation due to a length of
transmission line over a wide frequency range. The sec-
ond, and more important, objective is to use the data
and physical insights to quantitatively determine the rel-
ative magnitudes of conductor and dielectric losses as a
function of frequency.
The outline of the paper is as follows: In Sec. II
the distributed circuit model of a transmission line and
some of its important features are reviewed. Section III
presents the transient response of transmission lines to a
long-duration pulse. The experimental results are used
to determine the per-unit-length capacitance and induc-
tance of ideal (lossless) transmission lines. Dissipative
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FIG. 1. (a) A transmission line of length ℓ connected to a signal source with output impedance Z0 at x = −ℓ and a load
impedance ZL at x = 0. (b) The distributed circuit model of a transmission line. The model accurately describes real
transmission lines in the limit that ∆x→ 0.
effects are treated in Sec. IV. First, the expected fre-
quency response of the transmission line insertion loss
is calculated and then the experimental measurements
are presented. In Sec. IVA, physically-motivated mod-
els for the frequency dependencies of the per-unit-length
resistance and conductance of coaxial transmission lines
are developed. These models are then used to fit the
experimentally-measured insertion loss in Sec. IVB. Fi-
nally, the main results are summarized in Sec. V.
II. DISTRIBUTED CIRCUIT MODEL OF A
TRANSMISSION LINE
Figure 1(a) shows a transmission line of length ℓ. One
end, at x = −ℓ, is connected to a signal source that has
output impedance Z0 and the opposite end, at x = 0, is
terminated by load impedance ZL. The equivalent dis-
tributed circuit model of the transmission line is shown
in Fig. 1(b). It is made up of n = ℓ/∆x daisy-chained
segments, where ∆x is the length of each segment. The
segments have series inductance and resistance L∆x and
R∆x, respectively and shunt capacitance and conduc-
tance C∆x and G∆x, respectively. The distributed cir-
cuit model describes the behavior of real transmission
lines in the limit that the number of segments n → ∞
or, equivalently, ∆x→ 0.
We now state some of the important results arising
from an analysis of the distributed circuit model. Al-
though we don’t derive these results, good treatments are
given in Refs. 1 and 2 with additional insights provided
in Ref. 20. For harmonic signals vs = V0e
jωt of frequency
ω, the voltage and current amplitudes at position x along
the transmission line are given by
V (x) = V+e
−γx + V−e
γx (1)
I(x) =
1
Zc
[
V+e
−γx − V−eγx
]
. (2)
In these expressions, the propagation constant γ = α+jβ
is complex and given by
γ =
√
(R + jωL) (G+ jωC), (3)
and
Zc =
√
R+ jωL
G+ jωC
, (4)
is the characteristic impedance of the transmission line.
The V+ terms in Eqs. (1) and (2) represent signals prop-
agating in the +x direction while V− terms represent
signals propagating in the −x direction. The V+ and V−
coefficients are related via V− = ΓV+ where
Γ =
ZL − Zc
ZL + Zc
, (5)
is the reflection coefficient determined by the mismatch
between the characteristic impedance of the line and the
load termination.
A. Lossloss transmission lines
In a lossless transmission line R and G are assumed
to be negligible. In this limit, the propagation constant
becomes completely imaginary such that there is no at-
tenuation of the voltage and current amplitudes. Fur-
thermore, the characteristic impedance becomes real and
is typically designed to match the output impedance of
3the signal source (usually 50Ω). The results for a lossless
transmission line are
γ = jβ = jω
√
LC = j (ω/v0) (6)
Zc =
√
L/C, (7)
where v0 = 1/
√
LC is the signal propagation speed. Note
that, if v0 and Zc are measured, then the inductance
per unit length and capacitance per unit length of the
transmission line can be determined via L = Z0/v0 and
C = (v0Z0)
−1
.
III. TRANSIENT RESPONSE
We now consider a length of lossless transmission line
with one end open (ZL →∞) and the opposite end con-
nected to a resistance Rg ≫ Zc. A square pulse of height
V0 is applied to the free end of Rg. The width of pulse
is chosen to be very long compared to the time ℓ/v0 that
it takes signals to travel the length of the transmission
line. After the pulse is applied, the time evolution of the
voltage Vg at the junction between Rg and the transmis-
sion line is measured. The experimental setup is shown
schematically in Fig. 2(a).
Although we do not provide a full analysis of this prob-
lem here, we refer the reader to the treatment given in
Sec. 14.4 of Ref. 1. Figure 2(b) shows a measurement of
Vg as a function to time using Rg = 1kΩ and a 8.07-m
length of semi-rigid UT-141 coaxial cable. The data were
recorded using a Tektronix TBS 1104 digital oscilloscope
(100MHz bandwidth) and the pulse was generate using
an HP 8011A pulse generator. The step-like pattern ob-
served in Vg(t) is due to repeated reflections at the two
ends of the transmission line. The reflection coefficient
at the open end is Γ = 1 and at the source end it is
Γg = (Rg − Zc) / (Rg + Zc).
The time between adjacent steps is ∆t = 2ℓ/v0 which
corresponds to the time required for signals to travel
twice the length of the line. A plot of the time of the
N th step versus N results in a straight line with slope
m1 = ∆t which can then be used to determine the signal
propagation speed.
For steps N ≥ 2, the change in Vg is given by
(
∆Vg
V0
)
N
=
1− Γ2g
2Γg
ΓNg , (8)
such that, because 0 < Γg < 1, the voltage steps decrease
in size as N increases.1,21 A plot of ln (∆Vg/V0)N versus
N is linear with slope m2 = lnΓg which allows for a
determination of the characteristic impedance Zc of the
transmission line.
Figures 3(a) and (b) show results of the analysis of
the transient voltage steps for the semi-rigid coaxial ca-
ble. The slopes of the linear fits and the corresponding
values of v0 and Zc are given in Table I. Although not
(a)
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FIG. 2. (a) Schematic diagram of the experimental setup used
to measure the transient response of a transmission line. A
square pulse is applied at the left node of resistor Rg. The
instantaneous voltage Vg(t) is measured at the junction be-
tween Rg and the transmission line. The opposition end of
the transmission line is open. (b) The transient response of a
long semi-rigid UT-141 coaxial cable recorded as a function of
time using a digital oscilloscope. The voltage Vg(t) has been
scaled by the maximum voltage reached a long time after the
pulse is applied. The width τ of the applied pulse is several
times longer than the charging time RgCℓ of the transmis-
sion line. Although data was collected up to 10µs, only the
data up to 2µs are shown in order to highlight the step-like
features in Vg(t).
shown, the transient responses of an RG-58 BNC coax-
ial cable and a high-quality (HQ) sma coaxial cable of
unknown make and model were also measured. The re-
sults of those measurements are likewise summarized in
Table I. The table also includes a determination of the
dielectric constant ε′ = (c/v0)
2
of the insulator separat-
ing the inner and outer conductors of the coaxial cables.
The RG58C/U coaxial cable specifications from
Pasternack give a velocity of propagation that is 0.659c
and a capacitance of 101.05pF/m, both of which are
in reasonably good agreement with our results.23 On
the other hand, Pasternack specifies a characteristic
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FIG. 3. Analysis of the transient response of the semi-rigid coaxial cable. (a) Step time versus step number. The error bars
are smaller than the point size. The red line is a linear fit to the data. The slope of the line is used to determine the signal
propagation speed. (b) Plot of ln (∆Vg/V0)N as a function of step number. The red line is a linear fit to the data and its slope
is used to determine the characteristic impedance of the transmission line.
TABLE I. Parameters extracted from an analysis of the tran-
sient response of various coaxial cables.
RG-58 UT-141 HQ sma
ℓ (m) 7.61± 0.02 8.07 ± 0.03 8.04 ± 0.02
m1 (ns) 79.9± 0.2 79.6 ± 0.1 69.64 ± 0.08
v0/c 0.635 ± 0.002 0.676 ± 0.003 0.770 ± 0.002
ε′ 2.48± 0.02 2.19 ± 0.02 1.69 ± 0.01
|m2| 0.107 ± 0.002 0.099 ± 0.001 0.100 ± 0.001
Zc (Ω) 53.2± 0.9 49.3 ± 0.6 49.8 ± 0.7
C (pF/m) 99± 2 100 ± 1 87± 1
L (nH/m) 279± 5 243 ± 3 216 ± 3
impedance of 50Ω which is about 3.5 standard devia-
tions away from our measurement. We will discuss a
possible reason for this difference in Sec. IVB. The spec-
ifications for the UT-141-HA-M17 semi-rigid coaxial ca-
ble from Micro-Coax are v0 = 0.7c, C = 98.1pF/m, and
Zc = 50± 1Ω, all of which are in reasonable agreement
with the results given in Table I.24
IV. DISSIPATION AND FREQUENCY
RESPONSE
We now consider the simple scenario depicted in
Fig. 1(a). The signal source outputs a sinusoidal wave of
angular frequency ω and we wish to calculate the power
delivered to the load impedance ZL. We assume that
both R and G are small but not negligible.
Assuming that the cross term RG in Eq. (3)
is small and that, at all frequencies of interest,
R/ (ωL) +G/ (ωC)≪ 1, the propagation constant can
be approximated as
γ ≈ j ω
v0
+
1
2
(
R
Z0
+GZ0
)
≡ j ω
v0
+
1
2
α+, (9)
where, as before, v0 = 1/
√
LC and we denote the
characteristic impedance of a lossless transmission as
Z0 =
√
L/C. As is usaully the case, the output
impedance of the signal generator is assumed to also be
equal to Z0. Using the same approximations, the char-
acteristic impedance of a lossy transmission line given by
Eq. (4) can be written as
Zc ≈ Z0
[
1− jv0
2ω
(
R
Z0
−GZ0
)]
≡ Z0
(
1− jv0
2ω
α−
)
. (10)
Next, using Eq. (1) and the fact that V− = ΓV+, V+
can be expressed in terms of the voltage amplitude at
x = −ℓ: V+ = V−ℓ
[
eγℓ + Γe−γℓ
]
−1
. Substituting this
result for V+ back into Eq. (1) and using Eq. (5) for Γ
allows one to solve for the voltage amplitude VL = V (0)
at the load impedance ZL
VL
V−ℓ
= 2
[(
eγℓ + e−γℓ
)
+
Zc
ZL
(
eγℓ − e−γℓ)]−1 . (11)
Substituting in the approximate forms of γ and Zc from
Eqs. (9) and (10) yields
5(
VL
V−ℓ
)
−1
=
[
cos
ωℓ
v0
cosh
α+ℓ
2
+
Z0
ZL
(
cos
ωℓ
v0
sinh
α+ℓ
2
− v0α−
2ω
sin
ωℓ
v0
cosh
α+ℓ
2
)]
+j
[
sin
ωℓ
v0
sinh
α+ℓ
2
+
Z0
ZL
(
sin
ωℓ
v0
cosh
α+ℓ
2
+
v0α−
2ω
cos
ωℓ
v0
sinh
α+ℓ
2
)]
. (12)
Equation (12) allows the frequency dependencies of both
|VL/V−ℓ| and the phase difference between the voltages
at x = −ℓ and x = 0 to be calculated. In the lossless
limit, α+ = α− = 0 such that
VL
V−ℓ
=
[
cos
ωℓ
v0
+ j
Z0
ZL
sin
ωℓ
v0
]
−1
. (13)
and, as expected, |VL/V−ℓ| = 1 when ZL = Z0.
Our objective was to measure the ratio of the signal
power at x = 0 to the power at x = −ℓ as a function of
frequency and then compare it to |VL/V−ℓ|2 calculated
from Eq. (12). This comparison requires models for the
frequency dependencies of the per-unit-length resistance
and conductance of the coaxial transmission lines used
in our measurements. These models are developed in the
next section.
A. Models of resistance and conductance
First, we consider the resistance which is due to the
usual Joule heating in conductors. Figure 4(a) shows a
schematic diagram of a section of the center conductor
from a coaxial cable. The current in the center conductor
is restricted to a region that is within an EM skin depth
δ of the surface. For a good conductor
δ ≈
√
2ρ
µ0ω
, (14)
where ρ is the resistivity of the conductor and µ0
is the permeability of free space.25 Therefore, the
cross-sectional area through which the current flows is
A ≈ 2πr1δ where r1 is the radius of the center conductor
and the per-unit-length resistance can be estimated as26
R ≈ ρ
A
=
1
2πr1
√
µ0ωρ
2
. (15)
In this simple approximation, the contribution to R from
the outer conductor, which provides a return path to the
source for the current, has been neglected. Because the
outer conductor’s inner radius r2 is about three times r1,
its contribution to R is expected to be small compared
to that of the center conductor. The important insight
is that R ∝ ω1/2 with a constant of proportionality that
is determined by ρ and geometrical factors.
Next, we turn our attention toG. A schematic diagram
of the coaxial cable cross-section is shown in Fig. 4(b).
(a)
(b)
FIG. 4. (a) Schematic drawing of the center conductor of
a coaxial cable of radius r1. The shaded region depicts the
cross-sectional area through which the current travels which
is determined by the frequency-dependent EM skin depth δ.
(b) Schematic drawing of a coaxial cable. The space between
the center and outer conductors is filled with a dielectric
material (shaded region) with complex relative permittivity
εr = ε
′ − jε′′. The dielectric has an inner radius r1 and an
outer radius r2.
The per-unit-length capacitance of a coaxial cable is
given by
C =
2πεrε0
ln (r2/r1)
, (16)
where εr is the relative permittivity of the dielectric ma-
terial filling the space between the center and outer con-
ductors and ε0 is the permittivity of free space. For a
lossy dielectric, the relative permittivity is εr = ε
′ − jε
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FIG. 5. (a) The measured insertion loss of the three coaxial transmissions lines tested. The fits to the data (black lines), using
|VL/V−ℓ|
2 calculated from Eq. (12) and assuming R ∼ f1/2 and G ∼ f , are excellent. The dashed line is a fit to the RG-58 BNC
cable data assuming R/Z0 ≫ GZ0 at all measurement frequencies. The frequency dependence of the measured data cannot be
captured without including dissipation from the shunt conductance. (b) The R/Z0 (solid lines) and GZ0 (dashed lines) values
extracted from the fits in (a) plotted as a function of frequency.
such that the capacitive admittance becomes
YC = jωC =
2πωε0 (jε
′ + ε′′)
ln (r2/r1)
. (17)
The real term G = 2πωε0ε
′′/ ln (r2/r1) is identified as
the per-unit-length conductance.
In general, both the real and imaginary parts of εr can
have their own nontrivial frequency dependencies. The
dielectrics in our coaxial cables are polytetrafluoroethy-
lene (PTFE, Teflon) or polythene (PE). The loss tangent
tan δ0 ≈ ε′′/ε′ and ε′ of Teflon have been measured pre-
cisely by a variety of techniques over a wide range of fre-
quencies. From 100MHz to 60GHz, both ε′ and tan δ0
have been shown to be independent of frequency, with
ε′ ≈ 2.05 and 2× 10−4 < tan δ0 < 3× 10−4.27–31 In the
analysis presented in Sec. IVB, which includes measure-
ments that span 1MHz to 2GHz, we assume a frequency-
independent ε′′ such that G ∝ ω with the constant of pro-
portionality determined by ε′′ and geometrical factors.
B. Power ratio measurements
The simple experimental setup shown schematically in
Fig. 1(a) was used to measure the rms power PL deliv-
ered to a load impedance at the end of a transmission line.
The signal source used was a Rohde & Schwarz SMY 02
signal generator with a 50-Ω output impedance and the
load impedance was a Boonton 41-4E power sensor with
a 50-Ω input impedance coupled with a Boonton Model
#42BD power meter.22 The dc recorder output of the
power meter was monitored using a Keysight 34401A dig-
ital multimeter. A simple LabVIEW program was writ-
ten to scan the frequency of the signal generator while
writing the multimeter data to a file. The program made
repeated measurements of the power at each frequency
and the average of the values was recorded. Twenty av-
erages were used in the measurements reported in this
section.
The calibration of the Boonton power sensor is fre-
quency dependent and there can be small variations in
the power output by the signal generator when sweeping
over a wide frequency range. To remove both of these ef-
fects from the measured data, we repeated the same fre-
quency scan and measured P−ℓ with the power meter con-
nected directly to the output of the signal generator. The
ratio PL/P−ℓ is independent of both the calibration of the
power sensor and small variations in the output power.
Note that this power ratio is equivalent to the scattering
parameter S21 which can measured quickly and precisely
using a vector network analyzer (VNA). The results of
the measurements for the RG-58 BNC, semi-rigid UT-
141, and HQ sma cables are shown in Fig. 5(a). The data
are shown on a decibel scale and are a measure of the in-
sertion loss resulting from the transmission lines. The
rms power ratio PL/P−ℓ is also equivalent to |VL/V−ℓ|2
which can be calculated from Eq. (12). Table II shows
that the measured insertion losses are in good agreement
with manufacturer specifications.23,24
Fits to the insertion loss data, assuming R = af1/2
and G = bf are also shown in Fig. 5(a). For all but the
7TABLE II. Measured insertion losses of the RG-58, UT-141,
and HQ sma coaxial cables at various frequencies. The man-
ufacturer specifications, when given, are shown in brackets.
10MHz 0.1GHz 0.5GHz 1GHz
RG-58 0.045 0.15 0.40 0.61
(dB/m) (0.046) (0.16) (0.66)
UT-141 0.040 0.11 0.25 0.37
(dB/m) (0.26) (0.39)
HQ sma 0.021 0.063 0.14 0.20
(dB/m)
TABLE III. Parameters extracted from fits to the insertion
loss data shown in Fig. 5(a). For the RG-58 cable, an ad-
ditional Z0 fit parameter was used. For the UT-141 cable,
estimates of ρ and tan δ0 = ε
′′/ε′ were calculated from a and
b, respectively.
RG-58 UT-141 HQ sma
a (10−4 Ωs1/2/m) 1.688 ± 0.003 1.252 ± 0.002 0.680 ± 0.001
b (10−13 s/Ω/m) 6.42± 0.03 1.31± 0.03 0.69 ± 0.01
Z0 (Ω) 49.71 ± 0.02
ρ (10−8 Ωm) 3.31
ε′′/ε′ (10−4) 2.02
RG-58 cable, the v0 = 1/
√
LC and Z0 =
√
L/C values
obtained from the transient response analysis were used
such that a and b were the only fit parameters. The fits
are excellent. The values of a and b extracted from the
fits are given in Table III. For the semi-rigid UT-141, for
which r1 and r2 are precisely known, we estimated the
values of ρ and tan δ = ε′′/ε′ using
ρ =
(a r1)
2
µ0/ (4π)
(18)
tan δ0 =
b ln (r2/r1)
4π2ε0ε′
. (19)
The results of these estimates using r1 = 0.460mm and
r2 = 1.493mm are given in Table III.
The center conductor of the UT-141 cable is silver-
plated copperweld (SPCW). Copperweld is a wire in
which a copper cladding is bonded to a steel core. The
conductivity of the cladding can be anywhere from 30
to 70% IACS (International Annealed Copper Standard,
58.2× 106Ω−1m−1). The silver plating will reduce the
overall effective resistivity which, depending on the thick-
ness of the plating, could be frequency dependent due to
the changes in the EM skin depth. Given all of these
considerations and the crudeness of our model of the per-
unit-length resistance of the coaxial cable, the extracted
estimate of ρ, being about twice that of copper, is very
reasonable.
The UT-141 coaxial cable has a Teflon dielectric. The
extracted value of tan δ0 falls directly within the range
940 960 980 1000 1020 1040 1060
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Z0 = 53.2Ω fit
Z0 = 49.71Ω fit
FIG. 6. Insertion loss frequency oscillations. The green line
shows the same RG-58 BNC data displayed in Fig. 5(a), but
over a narrow frequency range. The purple line is a fit to the
data using a fixed value of Z0 = 53.2Ω obtained from the
transient analysis. The black line is a fit in which Z0 was
included as a fit parameter.
of values reported in the literature.27–31 This result is
remarkable because typically precision resonator tech-
niques are required to accurately measure dissipation in
low-loss dielectrics.
When fitting the insertion loss data of the RG-58 cable,
the characteristic impedance of 53.2Ω obtained from the
transient analysis resulted in relatively large frequency
oscillations in the fit function. A detailed view of the
data and the oscillations are shown in Fig. 6. We specu-
late that dissipation in the RG-58 cable is non-negligible
such that the lossless transmission line approximation
used in the transient analysis breaks down. If we assume
that Vg measured in the transient analysis is reduced by
0.2% each time the signal travels the length of the cable
and back, then we find that the corrected data results
in a characteristic impedance of 50Ω. The black lines in
Figs. 5(a) and 6 are fits to the RG-58 data in which Z0
was included as an additional fit parameter. The best-fit
value returned was Z0 = 49.71Ω which results in oscilla-
tion amplitudes that are much closer to those observed
in the measured data. If Z0 is included as a param-
eter in the fits to the semi-rigid and HQ sma data, a
fit value that is in experimental agreement with results
from the transient analysis are returned. Finally, we note
that the average period of the observed oscillations high-
lighted in Fig. 6 agrees very well with the expected value
of (2ℓ/v0)
−1
= 12.5MHz based on the transient analysis.
Figure 5(b) shows plots of the frequency dependen-
cies of R and G for all of the transmission lines mea-
sured using the values of a and b extracted from the
8fits (see Table III). At the lowest frequencies, R/Z0 is
at least two orders of magnitude greater that GZ0 such
that α+ ≈ α− ≈ R/Z0. However, because G increases
more quickly with frequency than R, its contribution to
the overall insertion loss becomes more important as fre-
quency is increased. In the case of the RG-58 cable, di-
electric losses match conductor losses, and then surpass
them, by 2GHz. This crossover occurs by 25GHz for the
UT-141 and HQ sma cables. The dashed line in Fig. 5(a)
shows a fit to the insertion loss of the RG-58 cable assum-
ing that G is negligible. Clearly, the dielectric losses need
to be included to capture the full frequency dependence
of the measured insertion loss.
Finally, we note that at high frequencies where dielec-
tric losses dominate or in situations requiring very low
attenuation, air-dielectric coaxial cables are available. In
one example, a helical polyethylene spacer is used to keep
the inner conductor concentric with the outer conductor,
both of which are made from corrugated copper. The in-
sertion loss of the HELIFLEX air-dielectric coaxial cable
is specified to be 0.021dB/m at 1GHz which is ten times
less than the value found for the “high-quality” sma cable
characterized in this work.32
V. SUMMARY
We have described two experiments that, together, can
be used to fully characterize the properties of transmis-
sion lines. Both experiments are simple to set up and
make use of equipment that is either commonly avail-
able in undergraduate labs or relatively inexpensive to
acquire.
First, the transient response to a voltage step was
used determine the transmission line signal propaga-
tion speed and characteristic impedance or, equivalently,
the per-unit-length capacitance and inductance. In this
well-known experiment, the data analysis assumes that
the transmission lines are lossless. We found that this
approximation worked well for the relatively low-loss
semi-rigid UT-141 and high-quality sma coaxial cables.
However, we found evidence suggesting that losses in
the RG-58 coaxial cable were causing the characteristic
impedance to be systematically overestimated.
Our primary objective was to use insertion loss mea-
surements to determine the per-unit-length resistance
and conductance of the same coaxial cables used in the
first experiment. With one end of the transmission line
driven by a sinusoidal voltage source, and assuming small
but non-negligible losses, an expression for the power de-
livered to a load termination ZL was derived. Based on
the geometry of the coaxial cables, the frequency depen-
dence of the conductor losses was assumed to be deter-
mined by the EM skin depth such that R ∝ f1/2. An
analysis of the dielectric losses, due to ε′′, was used to
deduce that G ∝ f .
The insertion loss measurements, where possible, were
compared to manufacturer specifications and found to be
in good agreement. Fits to the data using the theoret-
ical model developed were excellent. It was shown that
both the R and G contributions were required to cap-
ture the full frequency dependence of the measured in-
sertion losses. The parameters extracted from the semi-
rigid UT-141 fit were used to make reasonable estimates
the resistivity of the copper-clad center conductor and
loss tangent of the Teflon dielectric.
These measurements also serve to highlight the im-
portance of the non-ideal characteristics of transmission
lines, which are often not emphasized in theoretical treat-
ments at the undergraduate level. For example, despite
impedance matching at the source and load, at 2GHz
only 20% of the incident power is delivered to the ZL
termination at the end of a 7.61-m long RG-58 coaxial
cable. For the highest-quality cable characterized in our
measurements (ℓ = 8.04m), although the power transfer
efficiency increased, at 58% efficiency, substantial atten-
uation was still observed.
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